The 52-residue vasoactive peptide adrenomedullin, first isolated from human phaeochromocytoma, has an intramolecular disulphide bridge forming a ring structure of six residues and a carboxy terminal amidated residue. 1 When adrenomedullin is given to rats it produces potent and long lasting hypotensive eVects, as powerful as those of calcitonin gene related peptide (CGRP), which is one of the most potent vasorelaxant peptides known. 1 Immunoreactive adrenomedullin has been detected in human plasma by a specific radioimmunoassay, and raised plasma concentrations of adrenomedullin have been reported in patients with systemic hypertension, chronic renal failure, and heart failure. [2] [3] [4] [5] [6] Recent reports have shown that vascular smooth muscle cells possess specific adrenomedullin receptors that are functionally coupled to adenylate cyclase. 7 8 A nitric oxide-cyclic guanosine monophosphate mechanism may also be involved in the regional vasculature. 9 10 Furthermore, Nakamura et al 11 recently reported that adrenomedullin had approximately 10-fold and 200-fold greater vasodilator potency than sodium nitroprusside and acetylcholine, respectively, when infused into the brachial artery in humans. These findings suggest that adrenomedullin may play a role in the control of the circulation.
Adrenomedullin mRNA is reportedly highly expressed in the adrenal gland, lung, kidney, heart, and vascular walls. 1 12 13 We previously reported that circulating adrenomedullin is partially metabolised in the lung, 14 which suggests an abundance of adrenomedullin receptors in the lung. This was recently supported by the finding that the adrenomedullin receptor gene is highly expressed in rat lung. 15 In addition, high plasma adrenomedullin has been reported in rats with experimentally induced pulmonary hypertension 16 and in patients with pulmonary hypertension. 17 Adrenomedullin has been shown to dilate the pulmonary vessels and increase pulmonary blood flow. 18 19 These findings suggest that adrenomedullin may participate in the control of the pulmonary circulation.
Mitral stenosis is associated with increases in pulmonary artery pressure and resistance. Vasoactive substances such as endothelin and catecholamines have been linked to this disorder. [20] [21] [22] Our study was designed to examine the pathophysiological significance of adrenomedullin in the pulmonary circulation in mitral stenosis. To that end, we measured plasma adrenomedullin in the femoral vein, pulmonary artery, left atrium, and the aorta from 23 consecutive patients with rheumatic mitral stenosis who were undergoing percutaneous transvenous mitral commissurotomy (PTMC). We also simultaneously measured plasma concentrations of atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP) and compared them with plasma adrenomedullin to characterise this peptide.
Methods

PATIENTS
Twenty three consecutive symptomatic Japanese patients with mitral stenosis (16 females and seven males aged 38 to 70 years; mean (SD) age 53 (10) years) who underwent PTMC were enrolled in the study. Sixteen patients had atrial fibrillation, and seven were in sinus rhythm. Six had history of right sided heart failure. All the patients had transthoracic echocardiograms and their left ventricular function was normal. Informed consent was obtained from each patient. The characteristics of the patients are given in table 1. All the patients had transoesophageal echocardiograms and patients with left atrial thrombus and those with severe mitral regurgitation (more than grade 2/4) were excluded from study, as were patients with diabetes mellitus, chronic renal failure, and hepatic insuYciency.
CARDIAC CATHETERISATION AND PTMC
All patients underwent right and left sided heart catheterisation before and after PTMC. PTMC was performed with an Inoue balloon catheter by the transseptal Brockenbrough method. 21 23 24 Haemodynamic variables, including pressure in the pulmonary artery, left atrium, left ventricle, and aorta, and the cardiac index were measured before and 20 minutes after the balloon inflation. Left atrial pressure and left ventricular pressure were recorded simultaneously to determine the mean transmitral gradient. Cardiac output was determined by the thermodilution method. Systemic vascular resistance, total pulmonary resistance, and pulmonary vascular resistance were determined by the standard formula. Mitral valve area was calculated according to Gorlin's formula.
BLOOD SAMPLING Blood samples were obtained from catheters in the femoral vein, pulmonary artery, left atrium, and aorta. Blood was immediately transferred into chilled glass tubes containing disodium EDTA (1 mg/ml) and aprotinin (500 U/ml) for measurement of plasma adrenomedullin, ANF, and BNP concentrations. Blood was centrifuged immediately at 4°C and the plasma was frozen and stored at −80°C until assayed. Controls were age and sex matched normotensive subjects (n = 50, 28 males, 22 females; age 50 (10) years) with no history of hypertension and no evidence of cardiac disease. Their blood samples were obtained through the antecubital vein. In 10 of the 23 patients, venous blood samples were obtained again through the antecubital vein at one week after PTMC.
All the peptide measurements were from plasma.
ASSAY FOR PLASMA CONCENTRATIONS OF ADRENOMEDULLIN Stored plasma samples were extracted before radioimmunoassay. Sep-Pak C18 cartridges (Millipore-Waters, Milford, Massachusetts, USA) were prewashed sequentially with 5 ml each of chloroform, methanol, 50% acetonitrile containing 0.1% trifluoroacetic acid (TFA), 0.1% TFA, and saline. Plasma 2 ml was acidified with 24 µl of 1 mol/l HCl, and diluted with 2 ml of saline, and then loaded onto a Sep-Pak C18 cartridge. After being washed with 5 ml each of saline, 0.1% TFA, and 20% acetonitrile containing 0.1% TFA, the absorbed materials were eluted with 4 ml of 50% acetonitrile containing 0.1 % TFA. The eluate was then freeze dried. The freeze dried material was dissolved in radioimmunoassay buVer and the clear solution was radioimmunoassayed. The radioimmunoassay for adrenomedullin has been reported previously. 25 
ASSAY FOR PLASMA CONCENTRATIONS OF ANF AND BNP
Plasma concentrations of ANF and BNP were measured with Shiono ANP and BNP radioimmunoassay kits (Shionogi Co, Osaka, Japan), as previously reported. 26 
STATISTICAL ANALYSIS
Data are expressed as mean (SD). Student's unpaired t test was used to evaluate differences between normal subjects and patients with mitral stenosis. Student's paired t test was used to compare the plasma concentrations of adrenomedullin between the pulmonary artery and the left atrium as well as the plasma concentrations of ANF and BNP between the vein and the pulmonary artery. Plasma adrenomedullin, ANF, and BNP before and after PTMC were also evaluated by the Student paired t test. A p value less than 0.05 was considered significant. Correlation Values are means (SD). BSA, body surface area; NYHA, New York Heart Association heart failure classification; CHF, congestive heart failure. Venous concentrations of ANF and BNP were significantly higher in patients with mitral stenosis than in normal subjects (fig 1) . ANF and BNP concentrations were significantly higher in the pulmonary artery than in the pulmonary vein (fig 2) . ANF decreased 20 
Figure 2 Plasma concentrations of adrenomedullin, atrial natriuretic factor (ANF), and brain natriuretic peptide (BNP) in femoral vein (V), pulmonary artery (PA), left atrium (LA), and aorta (AO) in patients with mitral stenosis (MS). Values are means, error bars = SEM.
Discussion
Our study showed that venous concentrations of adrenomedullin were increased in patients with mitral stenosis compared with age matched normal controls, and there was a significant reduction in adrenomedullin from the pulmonary artery to the left atrium. Venous concentrations of adrenomedullin were correlated with the pulmonary artery pressure, pulmonary vascular resistance, and total pulmonary resistance. Adrenomedullin concentrations decreased significantly one week after PTMC. The results suggest the possible involvement of adrenomedullin in the pathophysiology of secondary pulmonary hypertension due to mitral stenosis.
ADRENOMEDULLIN IN MITRAL STENOSIS:
POTENTIAL STIMULI AND PRODUCTION SITE Many biological eVects of adrenomedullin have been reported. 27 28 In particular, it has been shown to reduce the pulmonary artery pressure and increase pulmonary blood flow by decreasing pulmonary vascular resistance. 18 19 29 30 These results suggest that it may be involved in the regulation of the cardiovascular system, including the pulmonary circulation. Indeed, increased plasma adrenomedullin has been reported in patients with pulmonary hypertension and correlated with severity of the disorder. 17 The stimulation of adrenomedullin production has been attributed to increased sympathetic nerve activity and body fluid volume in patients with hypertension, chronic renal failure, and heart failure. 2 4 Our present findings of significant relations between plasma adrenomedullin and plasma ANF and BNP in patients with mitral stenosis are consistent with previous reports. According to a report on the genomic structure of the human adrenomedullin gene, 31 the 5'-flanking region contains multiple binding sites for activator protein-2 (AP-2) and cyclic adenosine monophosphate (cAMP) regulated enhancer elements, suggesting that the expression of the adrenomedullin gene may be subject to the activity of protein kinase C and cAMP concentrations. Because plasma noradrenaline is increased in mitral stenosis 20 and noradrenaline is known to activate protein kinase C and phospholipase C through the 1 receptor, increased noradrenaline concentrations in mitral stenosis may partly aVect the gene expression of adrenomedullin through the 1 receptor.
The sites of production for circulating adrenomedullin have not been identified. An early report showed that adrenomedullin mRNA was highly expressed in the adrenal gland, heart, kidney, and lung. 1 Sugo et al 12 reported that vascular endothelial cells actively synthesise and secrete adrenomedullin. They showed that the expression of adrenomedullin mRNA in cultured endothelial cells was 20-fold to 40-fold higher than in the adrenal gland or in other tissues, and that the rate of secretion of adrenomedullin from cultured vascular endothelial cells resembled that of endothelin-1. Sugo et al 13 also showed that cytokines such as tumour necrosis factor and interleukin-1 markedly increased the expression of adrenomedullin mRNA in cultured vascular smooth muscle cells. These results suggest that the systemic vascular wall is a potential site of adrenomedullin production even in patients with mitral stenosis. In this study, plasma adrenomedullin increased between the aorta and the femoral vein. This is consistent with adrenomedullin production in the peripheral circulation. In addition, previous investigators described the immunohistochemical presence and distribution of adrenomedullin in the human heart and showed that adrenomedullin immunoreactivity was more intense in the ventricular myocytes of severely failing hearts than in normal hearts. 3 They suggested that the heart may produce significant amounts of adrenomedullin in severe failure and is a potential site for the circulating adrenomedullin. Shimokubo et al reported increased adrenomedullin concentrations and mRNA expression in the hypertrophied right ventricle in experimentally induced pulmonary hypertension, supporting this idea. 16 A recent report on adrenomedullin concentrations in the coronary sinus has shown that the heart actually secretes adrenomedullin in severe failure; however, the secretion rate of adrenomedullin is much lower than that of ANF. 32 Our present study showed no increase in plasma adrenomedullin between the pulmonary vein and the pulmonary artery in patients with mitral stenosis, although there was a significant increase in plasma ANF and BNP. Thus the secretion of adrenomedullin from the heart may not contribute greatly to circulating adrenomedullin concentrations in mitral stenosis, although we cannot exclude the possibility that a small amount of adrenomedullin may be produced in the heart.
ROLE OF ADRENOMEDULLIN IN THE PULMONARY
CIRCULATION
We found a significant reduction in plasma adrenomedullin between the pulmonary artery and the left atrium. This supports the findings of a previous report, showing a significant decrease in plasma adrenomedullin after the blood had circulated through the lungs in human subjects.
14 Furthermore, Owji et al, 33 using a receptor binding assay technique, reported an abundance of adrenomedullin binding sites in the lungs and heart of rats. They showed that the binding site in the lung was adrenomedullin specific, whereas the binding site in the heart was inhibited by CGRP or islet amyloid polypeptide. Eguchi et al 7 and Ishizaka et al 8 reported that vascular smooth muscle cells contain adrenomedullin specific receptors and that adrenomedullin increased intracellular cAMP in vascular smooth muscle cells. Adrenomedullin has been shown to reduce pulmonary artery pressure by decreasing the pulmonary vascular resistance, 18 29 30 partially mediated by nitric oxide, 34 35 In the present study, we observed significant relations between the plasma concentrations of adrenomedullin and the pulmonary artery pressure, pulmonary vascular resistance, and total pulmonary resistance. Taken together, these findings suggest that specific adrenomedullin binding sites in the pulmonary vasculature are present and that adrenomedullin may be involved in the defence mechanism against further increases in pulmonary arterial pressure in patients with mitral stenosis.
Venous and arterial concentrations of adrenomedullin did not change 20 minutes after the PTMC. It has been reported that adrenomedullin is secreted mainly from the vascular wall without being stored, and the amount of secretion depends on its genomic expression. 12 Twenty minutes may therefore be too short to observe a decrease in adrenomedullin following the changes in haemodynamics after PTMC. However, plasma adrenomedullin significantly decreased one week after PTMC in a relatively severe subgroup of 10 of the 23 patients. These findings are consistent with the previous report showing that plasma adrenomedullin decreased after treatment in patients with heart failure. 4 Thus adrenomedullin may respond to the changes in haemodynamics as a relatively slow regulating factor in the pulmonary circulation.
ANF AND BNP BEFORE AND AFTER PTMC IN PATIENTS WITH MITRAL STENOSIS
ANF and BNP circulate in the blood and play important roles in the regulation of body fluid volume and systemic and pulmonary vascular resistance in various disorders. [36] [37] [38] [39] Plasma ANF and BNP concentrations were higher in patients with mitral stenosis than in age matched normal controls, and there was a significant increase in these peptides between the pulmonary vein and the pulmonary artery. Thus our observation confirmed the previous findings that ANF and BNP are secreted from the heart through the coronary sinus 40 41 and that both are increased in mitral stenosis. 42 In our present study, by 20 minutes after PTMC there was a decrease in ANF, with a concomitant decrease in left atrial pressure and pulmonary artery pressure, whereas BNP did not change significantly. Consistent with these observations, previous reports have shown that ANP decreased after PTMC, with a concomitant fall in left atrial pressure, 23 and that BNP did not change 20 minutes after PTMC. 42 The primary stimulus for BNP secretion in patients with heart failure was reported to be of left ventricular origin; however, left ventricular function assessed by echocardiography was within the normal range, and left ventricular end diastolic pressure was not increased in our present study. The increased plasma concentrations of BNP may have been a reflection of right ventricular dysfunction due to the presence of secondary pulmonary hypertension. In support of this, high plasma BNP concentrations have been reported in experimentally induced pulmonary hypertension. 43 Further studies are required to identify the origin of BNP in mitral stenosis and the relation between BNP and pulmonary hypertension.
CONCLUSIONS
Venous concentrations of adrenomedullin were increased in patients with mitral stenosis compared with normal controls, and significant relations between the peptide concentrations and the mean pulmonary artery pressure, pulmonary vascular resistance, and total pulmonary resistance were observed. These findings
